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Search for Dijet Resonance 

The results of Dijet Resonance search based on 315 nb-1 
data from ATLAS was accepted by PRL.

http://arxiv.org/abs/1008.2461v2 

• v1, 14 August 2010

• v2, 29 September 2010

The results of Dijet Resonance search based on 2.88 pb-1 
data from CMS was submitted to PRL. It is first research 
and jet paper from CMS.

http://arxiv.org/abs/1010.0203

• v1,  1 October 2010 
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Dijet in Standard Model

• What is a Dijet?

✓ Dijet results from simple 2→2 scattering of 
“partons”, dominant process

✓ Dijet is the two leading jets in an event
3

σ(P1,P2) = ∑
i, j

Z
dx1dx2 fi(x1,µ2) f j(x2,µ2)σ̂i j(p1, p2,αs(µ2),Q2/µ2).
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Event Display

4

Dijet mass resonances

The highest-mjj central event observed
m

jj = 1.77 TeV. pj1
T = 1.1 TeV. pj2

T = 480 GeV, partly in calorimeter gap.

Georgios Choudalakis ICHEP2010 – Jet searches in ATLAS page 8

m =
�

(E1 + E2)2 − (�p1 + �p2)2
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Resonance Models

• The models are listed.

✓ Produced in “s-channel”

✓ Parton-Parton Resonances

‣ Observed as dijet resonances.

• Search for model with narrow width Γ.

• ATLAS has only searched for excited quark model.

• CMS has searched for the all models.
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Dijet Resonances

! New particles that decay to dijets
" Produced in “s-channel” 
" Parton - Parton Resonances

# Observed as dijet resonances.

" Many models have small width !
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1.3 Summary of Experimental Technique 3

Sundrum gravitons [10], with coupling k/MPL = 0.1, from a model of large extra dimensions65

are produced from gluons or quark-antiquark pairs in the initial state (qq̄, gg → G). Heavy W66

bosons [11] inspired by left-right symmetric grand unified models have electroweak couplings67

and require antiquarks for their production(q1q̄2 → W �), giving small cross sections. Heavy68

Z bosons [11] inspired by grand-unified models are widely anticipated by theorists, but they69

are electroweakly produced, and require an antiquark in the initial state(qq̄ → Z�), so their70

production cross section is around the lowest of the models considered. The model with the71

largest cross section is a recent model of string resonances, Regge excitations of the quarks and72

gluons in open string theory, which includes resonances in all parton-parton channels (qq̄, qq,73

gg and qg) with multiple spin states and quantum numbers [12, 13]. Table 1 summarizes some74

properties of these models.75

Model Name X Color JP Γ/(2M) Chan
Excited Quark q* Triplet 1/2+ 0.02 qg

E6 Diquark D Triplet 0+ 0.004 qq
Axigluon A Octet 1+ 0.05 qq̄
Coloron C Octet 1− 0.05 qq̄

RS Graviton G Singlet 2+ 0.01 qq̄ , gg
Heavy W W’ Singlet 1− 0.01 qq̄
Heavy Z Z’ Singlet 1− 0.01 qq̄

String S mixed mixed 0.003− 0.037 qq̄, qq, gg and qg
Table 1: Properties of Some Resonance Models

Published lower limits [14] on the mass of these models in the dijet channel are listed in table 2.76

q∗ A or C D ρT8 W � Z� G S
0.87 1.25 0.63 1.1 0.84 0.74 - -

Table 2: Published lower limits in dijet channel in TeV on the mass of new particles considered
in this analysis. These 95% confidence level exclusions are from the Tevatron [14].

77

1.3 Summary of Experimental Technique78

Our experimental technique starts with a measurement of the inclusive process pp → jet + jet +79

anything. Inclusive means we measure processes containing at least two jets in the final state,80

but the events are allowed to contain additional jets, or anything else. The dijet in the event81

is simply the two highest pt jets, the leading jets. Within the standard model our dataset is82

expected to be overwhelming dominated by the 2 → 2 process of hard parton scatters, with83

additional radiation off the initial and final state partons naturally giving additional jets. We84

do not cut away events that contain this radiation, which would reduce signals that also have85

similar amounts of radiation, and un-necessarily restrict signals to a narrow topology. The86

events can also contain additional particles, such as leptons or photons, but this will occur very87

rarely in the standard model. Finally, even more rarely within the standard model, the two88

leading CaloJets in the event can result from electrons, photons or taus producing energy in the89

calorimeter, and we do not exclude these insignificant contributions to our sample either. Our90

dijet selection is then open to many signals of new physics including high pt jets, leptons and91

photons. However, our selection is optimized for signals in the 2 → 2 parton scattering process,92

and is overwhelmingly dominated by the signal background of dijets from QCD within the93

standard model.94
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Experimental Technique

• Measurement of dijet mass spectrum

• Comparison to PYTHIA QCD Monte Carlo 
prediction

• Fit of the measured dijet mass spectrum with a 
smooth function and search for resonance signal 
(bump)

• If no evidence, calculate model independent 
cross section upper limit and compare with any 
model cross section.

6
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Event Selection

• CMS standard event 
quality cuts

• At least two jets

• Anti-kt R=0.7

• CMS jet quality cuts

• Mjj>220 GeV

• |η|<2.5 & |Δη|<1.3

7

• ATLAS standard event 
quality cuts

• At least two jets

• Anti-kt R=0.6

• ATLAS jet quality cuts

• PT(jet1)>80 GeV and PT

(jet2)>30 GeV

• Mjj>200 GeV

•   |η|<2.5 & |Δη|<1.3
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Eta Cut Optimization

8
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Eta Cut Optimization-II
• |∆η| cut directly removes QCD t-channel pole in center of mass.

• |∆η| < 1.3 optimal for isotropic decays (q*).

9
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Dijet Mass (CMS)

10

5. Measurament of Dijet Mass Spectrum Sertac Ozturk

QCD MC prediction is in good agreement with the data.

Dijet Mass (GeV)
500 1000 1500 2000

D
at

a 
/ P

YT
H

IA

1

2

3

4

5

6

1

2

3

4

5

6

)-1CMS Data (2.875 pb

10% JES Uncertainty

 = 7 TeVs 
| < 1.3 | < 2.5 & |2, 1|

>220 GeVjjM

Anti-kt R=0.7 CaloJets

Figure 5.11 The dijet mass spectrum data (points) divided by the QCD PYTHIA prediction.

The band shows the sensitivity to a 10% systematic uncertainty on the jet energy scale.

The data points and corresponding uncertainty are listed in Table 5.X.

5.2.1 Dijet Mass Spectrum and Fit

Dijet mass spectrum is compared to a fit in Fig.5.X. The parametrization of smooth fit

function is

dσ
dm

= p0
(1−X)p1

X p2+p3 ln(X) (5.2)

where x = m j j/
√

s and p0,1,2,3 are free parameters. The (1−X) term is motivated by

the parton distribution fall of with fractional momentum. The X−p3 ln(x) factor describes

34
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χ2/NDF=32/31

• Both CMS and ATLAS fit the data to a function containing 4 parameters used by CDF Run II.

• Variable Dijet mass bin which are equal to dijet mass resolution of signal. (from 10% at 0,5 TeV to 
6% at 2.5 TeV)

• There is a good fit.

• No evidence of new physics

CMS Paper

CMS Paper
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Dijet Mass (ATLAS)

• The same fit function 
used by CDF Run II.

• The choice of dijet mass 
binning was motivated by 
the dijet mass resolution 
of the signal. (from 11% at 
0.3 TeV to 7% at 1.7 TeV)

• There is good fit.

• No evidence of new 
physics.
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FIG. 1. The data (D) dijet mass distribution (filled points)
fitted using a binned background (B) distribution described
by Eqn. 1 (histogram). The predicted q∗ signals [2, 3] for
excited-quark masses of 500, 800, and 1200 GeV are over-
laid, and the bin-by-bin significance of the data-background
difference is shown.

each ν, the backgrounds in the bins bνi were evaluated
from a simultaneous five-parameter fit of the signal and
background distributions to ensure that the background
determination would not be biased by the presence of
any signal. The four background parameters were those
in Eqn. 1; the fifth parameter consisted of the normaliza-
tion of the predicted νth q∗ signal template. To avoid ac-
ceptance bias, the lowest q∗ test mass used was 300 GeV.
For every q∗ mass, Eqn. 2 was computed for a range of
possible signal yields, s, and the resulting likelihood func-
tion was multiplied by a flat prior in s to give a posterior
probability density in s. The 95% probability region was
then determined by integration of the posterior proba-
bility distribution. This Bayesian technique was found
to yield credibility intervals that corresponded well with
frequentist confidence intervals. This was verified by per-
forming a series of pseudo-experiments to determine, by
way of a standard frequentist calculation, the coverage,
or the fraction of times that the 95% Bayesian credibility
interval contained the true number of signal events.
The dominant sources of systematic uncertainty, in de-

creasing order of importance, were the absolute jet en-
ergy scale (JES), the background fit parameters, the in-
tegrated luminosity, and the jet energy resolution (JER).
The JES uncertainty was quantified as a function of pT
and ηjet, with values in the range 6 ∼ 9% [20, 33, 34].
The jet calibration relied on the MC simulation of the
response of the ATLAS detector; its uncertainty was con-
strained by varying the ATLAS simulation and from in

situ information. The systematic uncertainty on the de-
termination of the background was taken from the uncer-
tainty on the parameters resulting from the fit of Eqn. 1
to the data sample. The uncertainty on σ · A due to
integrated luminosity was estimated to be ±11% [35].
The JER uncertainty was treated as uniform in pT and
ηjet with a value of ±14% on the fractional pT resolu-
tion of each jet [36]. The effects of JES, background
fit, integrated luminosity, and JER were incorporated
as nuisance parameters into the likelihood function in
Eqn. 2 and then marginalized by numerically integrating
the product of this modified likelihood, the prior in s,
and the priors corresponding to the nuisance parameters
to arrive at a modified posterior probability distribution.
In the course of applying this convolution technique, the
JER was found to make a negligible contribution to the
overall systematic uncertainty.
Figure 2 depicts the resulting 95% CL upper limits on

σ ·A as a function of the q∗ resonance mass after incorpo-
ration of systematic uncertainties. Linear interpolations
between test masses were used to determine where the
experimental bound intersected with a theoretical pre-
diction to yield a lower limit on allowed mass. The cor-
responding observed 95% CL excited-quark mass exclu-
sion region was found to be 0.30 < mq∗ < 1.26 TeV us-
ing MRST2007 PDFs in the ATLAS default MC09 tune.
Table I shows the results obtained using CTEQ6L1 [37]
and CTEQ5L [38] PDF sets. The variations in the ob-
served limit associated with the error eigenvectors of
a CTEQ PDF set were found to be smaller than the
spread displayed in Table I. The excluded regions were
∼30 GeV greater when only statistical uncertainties were
taken into account. The expected limits corresponding to
the data sample were computed using an analogous ap-
proach, but replacing the actual data with pseudo-data
generated by random fluctuations around the smooth
function described by fitting the data with Eqn. 1; these
are shown in Fig. 2, with a resulting expected q∗ mass
exclusion region of 0.30 < mq∗ < 1.06 TeV using
MRST2007 PDFs. As indicated in Table I, the two other
PDF sets yielded similar results, with expected exclusion
regions extending to near 1 TeV. An indication of the de-
pendence of the mq∗ limits on the theoretical prediction
for the q∗ signal was obtained by simultaneously vary-
ing both the renormalization and factorization scales by
factors of 0.5 and 2, which was tantamount to modifying
the predicted cross section by approximately ±20%; this
changed the observed MRST2007 limit of 1.26 TeV to
1.32 TeV and 1.22 TeV, respectively.
In conclusion, a model-independent search for new

heavy particles manifested as mass resonances in dijet
final states was conducted using a 315 nb−1 sample of
7 TeV proton-proton collisions produced by the LHC and
recorded by the ATLAS detector. No evidence of a res-
onance structure was found and upper limits at the 95%
CL were set on the products of cross section and signal

χ2/NDF=27/22
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Resonance Shape

12

• CMS have simulated dijet 
resonances using CMS simulation 
+ PYTHIA.

• qq, qg and gg resonances have 
different shape mainly due to FSR. 

✓ The width of dijet resonance 
increases with number of 
gluons because gluons emit 
more radiation than quarks.

• CMS search for these three basic 
types of narrow dijet resonance 
in our data.Dijet Mass (GeV)
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Setting Limits
• For setting upper limit on the resonance production cross 

section,  a Bayesian formalism with a uniform prior is used by 
CMS and ATLAS.

L =
�

i

µni
i e−µi

ni!
µi = αNi(S) + Ni(B).

• The signal comes from our dijet resonance shapes.

• The background comes from fixed to the best Background+Signal fit.

• The 95% CL upper limits are calculated for resonances with various 
masses. 

Measured # of events 
in data

# of event from 
signal

Expected # of event 
from background

13
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Systematics
• We found the uncertainty in dijet resonance cross section from following sources.

✓ Jet Energy Scale (JES)

‣ 10% for CMS

‣ from 10% to 6% as a function of Pt for ATLAS

✓ Jet Energy Resolution (JER)

‣ 10% for CMS

‣ 14% for ATLAS

✓ Choice of Background Parametrization

✓ Luminosity

‣ 11% for both CMS and ATLAS

• The all effects of systematics were incorporated as nuisance 
parameters.

• The posterior probability density for the cross section is broadened by 
convoluting it.

14
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Incorporating Systematic
• We convolute posterior PDF with Gaussian systematics 

uncertainties.

✓ Posterior PDF including systematics is broader and gives 
higher upper limit.

15

30 4 Systematic Uncertainties

4.3 Background Parameterization398

We considered two others functional forms with 2 and 4 parameters to parametrize the QCD399

background as discussed in section 2.6.1 and shown in Equation 3. Fig. 25 show comparison400

of fits with the data points. We find that the 2 parameter form, which is a marginal fit to our401

data, gives the largest fractional change over the vast majority of resonance masses, and we402

conservatively use it for our background parametrization systematic at this time.403
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Figure 25: Left) The data and the default 3 parameter fit and the 2 and 4 parameter fits use to
evaluate the systematics. Right) Fractional absolute change in the limit when using th 2 and 4
parameter fits for the background.

4.4 Total Uncertainty404

We determine 1σ change for each systematic uncertainty in signal that we can discovery or405

exclude. In addition to the sources already mentioned, we include an uncertainty of 10% on406

the integrated luminosity.407

To find total total systematics, we add the these 1σ changes as quadrature. The individual and408

total systematic uncertainties as a function of resonance mass are illustrated in Fig. 26. Absolute409

uncertainty in each resonance mass is calculated as total systematics uncertainty multiply by410

upper cross section limit.411

4.5 Incorporating Systematics in the Limit412

We convolute the posterior probability density with a Gaussian for each resonance mass. The413

equation of convolution is414

L(σ) =
� ∞

0
L(σ�)G(σ, σ�)dσ� (7)

Where L(σ�) is the posterior probability density at signal cross section σ�, and G(σ, σ�) is the415

Gaussian probability from systematics to observe σ if σ� is expected. The width of the Gaussian416

is taken as the absolute uncertainty in each resonance mass, equal to the fractional uncertainty417

times the limit on the cross section. This procedure, identical to what was done at CDF, con-418

servatively assigns the same width to the Gaussian in units of pb at each point in the posterior419

G: Gaussian distribution with
RMS width equal to systematic 
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ATLAS Results
• The mass limits for excited quark 

based on 315 nb-1 in ATLAS

✓ 0.4<M(q*)<1.26 TeV with 
MRST2007

✓ 0.4<M(q*)<1.20 TeV with 
CTEQ6L1

✓ 0.4<M(q*)<1.20 TeV with CTEQ5L

✓ 0.26<M(q*)<0.87 TeV from CDF
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TABLE I. The 95% CL lower limits on the allowed q∗ mass obtained using different PDF sets.

Observed Mass Limit [TeV] Expected Mass Limit [TeV]

MC Tune PDF Set Stat. ⊕ Syst. Stat. only Stat. ⊕ Syst.

MC09 [27] MRST2007 [25] 1.26 1.28 1.06

MC09′ a CTEQ6L1 [37] 1.20 1.23 0.99

Perugia0 [39] CTEQ5L [38] 1.22 1.25 1.00

a The MC09′ tune is identical to MC09 except for the pythia [24] parameter PARP(82)= 2.1 and use of the CTEQ6L1 PDF set.
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FIG. 2. The 95% CL upper limit on σ · A as a function of
dijet resonance mass (black filled circles). The black dotted
curve shows the expected 95% CL upper limit and the light
and dark yellow shaded bands represent the 68% and 95%
credibility intervals of the expected limit, respectively. The
dashed curves represent excited-quark σ · A predictions for
different MC tunes, each using a different PDF set.

acceptance for hypothetical new q∗ particles decaying to
dijets. These data exclude at the 95% CL excited-quark
masses from the lower edge of the search region, 0.30 TeV,
to 1.26 TeV for a standard set of model parameters and
using the ATLAS default MC09 tune [27]. This result ex-
tends the reach of previous experiments and constitutes
the first exclusion of physics beyond the Standard Model
by the ATLAS experiment. In the future, such searches
will be extended to exclude or discover additional hypo-
thetical particles over greater mass ranges.
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CMS Results

17

• The mass limits with CTEQ6L1 based on 2.88 
pb-1 data in CMS: 

• String

✓ 0.50<M(S)<2.50 TeV

‣ M(S)<1.40 from CDF✢ (1 fb-1)

• Excited Quark

✓ 0.50<M(q*)<1.58 TeV 

‣ 0.40<M(q*)<1.26 from ATLAS (0.32 pb-1)

• Axigluon/Coloron

✓ 0.50<M(A)<1.17 TeV &                 
1.47<M(A)<1.52 TeV

‣ 0.12<M(A)<1.25 TeV from CDF✢ (1 fb-1)

• E6 Diquark

✓ 0.50<M(D)<0.58 TeV &                   
0.97<M(D)<1.08 TeV &                 
1.45<M(D)<1.60 TeV 

‣ 0.29<M(D)<0.63 TeV from CDF✢ (1 fb-1)
✢T. Aaltonen et al. (CDF), Phys. Rev., D79, 112002 (2009)
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Figure 4: 95% CL upper limits on σ × BR × A for dijet resonances of type gluon-gluon (open
circles), quark-gluon (solid circles), and quark-quark (open boxes), compared to theoretical pre-
dictions for string resonances [2], excited quarks [4], axigluons [5], colorons [6], E6 diquarks [7],
new gauge bosons W � and Z� [9], and Randall-Sundrum gravitons [8].
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Conclusion
• CMS and ATLAS have been searching for dijet 

resonance.

• The dijet mass data is in good agreement with 
QCD from PYTHIA.

• There is no evidence for dijet resonances yet.

• CMS and ATLAS have published their results.

• CMS has the best mass limit on dijet resonance 
models, beyond those published by Tevatron and 
ATLAS.
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